Abstract: The understanding of how influenza virus infection activates the immune system is crucial to designing prophylactic and therapeutic strategies against the infection. Nevertheless, the immune response to influenza virus infection is complex and remains largely unknown. In this paper we focus in the innate immune response to influenza virus using a mathematical model, based on interferon-induced resistance to infection of respiratory epithelial cells and the clearance of infected cells by natural killers. Simulation results show the importance of IFN-I to prevent new infections in epithelial cells and to stop the viral explosion during the first two days after infection. Nevertheless, natural killers response might be the most relevant for the first depletion in viral load due to the elimination of infected cells. Based on the reproductive number, the innate immune response is important to control the infection, although it would not be enough to clear completely the virus. The effective coordination between innate and adaptive immune response is essential for the virus eradication.
INTRODUCTION
Influenza virus can be transmitted by direct contact such as hand shake or airborne virus; this means is very likely to promote pandemics with high death tolls [World Health Organization, 2011] . For instance, annual hospitalization rates for flu have been reported to be as high as 226,000 individuals in USA [CDC, 2007] .
Influenza virus causes acute respiratory disease by the infection of the epithelial cells lining the nasal mucosa, the larynx and the tracheobronchial tree. Typically the infection will involve on the upper respiratory tract and the upper division of bronchi, nevertheless in fatal cases the infection can spread to lower lungs [van Riel et al., 2006] . Cell infection begins with the adsorption of the virus. The influenza virus hemagglutinin (HA) is responsible for binding the sialic acid receptors on the surface of epithelial cells providing a strong bond. Neuraminidase (NA) participates in virus release from the cell. Once the virus is inside the cell, the virus kidnaps the cell and starts to replicate. While antibodies to HA are protective, antibodies to NA are much less effective. The incubation period, between 24-96 hours, for influenza depends in the size of initial inoculum [Potter, 2004] infection and the viral production has been called "eclipse phase" [Beauchemin and Handel, 2011] . After this phase infected cells will quickly promote an exponential growth of viral titer, which peaks around 2-3 days post infection (dpi).
Influenza is a serious concern for elderly, mainly because elderly immune system is not as efficient as one of a young person. More than 36,000 deaths in the elderly are due to flu or its complications [CDC, 2007] . Ageing is a complex unknown process; the balance in T cell repertoire appears to be crucial for the defence against infections throughout life [Nikolich- Zugich, 2008] . The interaction of influenza virus with the immune system and how this is affected by the ageing process are still unresolved [Beauchemin and Handel, 2011] . Most of these problems require quantitative analysis of immune components and their respective interactions. Hence, the necessity of using alternative approaches to tackle these drawbacks has motivated several researchers of different disciplines. To this end, several mathematical models have been attempting to capture the dynamics of influenza to understand the interaction of the virus with the immune system cells [Beauchemin and Handel, 2011] .
Much work has been focus in the basic relation host and virus [Möhler et al., 2005] , [Baccam et al., 2006] while others have developed more complicated models that quan-tifies the interplay between viral replication and adaptive immunity [Hancioglu et al., 2007] , [Lee et al., 2009] , [Saenz et al., 2010] . The adaptive immune system has received considerable attention for the mathematical community. However, the successful eradication of a pathogen depends on the coordinated action of the innate and adaptive immune systems. Moreover, influenza vaccination is efficacious in the young, but this offers limited protection in the elderly. Therefore, it is important to understand the primary response to influenza. The innate immune system can be divided in two parts [Hancioglu et al., 2007] . As a first line of protection, IFN-α and β (IFN-I) interact with healthy cells and convert them to an infection resistant state. Then, the virus can not spread efficiently, providing enough time to the adaptive system to react and eliminate the virus [Price et al., 2000] . The second immune response is promoted by natural killers (NK) which can destroy infected cells before they can release a mature virus [Tamura et al., 2005] . At the same time, antigen presenting cells (APCs) have stimulated the adaptive immune system organizing the production of virus specific plasma cells to tackle the infection.
A few influenza infection models have studied the innate immune system; [Saenz et al., 2010 ] proposed a simple model validated with equine data in order to show the importance of interferon kinetics in influenza pathology. In similar direction, [Hancioglu et al., 2007] suggest a more complex model integrating both immune and adaptive system. However these models have not provided specific interactions in the innate response, this means between epithelium cells, interferon and natural killers. Murine studies [Beli et al., 2011] reveal that age-related defects in natural killers, specially NK cells from aged mice were reduced and had impaired function in lungs during influenza infection.
Based on a systematic approach, the aim in this work is to understand the innate immune response to influenza infection and to unveil the foremost mechanisms involved in the innate immune system that may cause serious problems in the elderly. The paper is organized as follows: The proposed model and explanation are given in Section 2. Simulation results and model parameters values are presented in Section 3. Dynamic studies that reveal the important mechanisms for the eradication of the infection are discussed in Section 4. Conclusions finalize the paper in Section 5.
INNATE IMMUNE SYSTEM MODEL
The innate immune response is a complex system that is regulated by chemokines and cytokines produced by infected cells and APCs. The proposed mathematical model for the innate immune response to influenza virus is composed by 7 differential equations presented in (1). This is a simplified model of cell populations and cytokines as is shown in Fig 1. The place of infection by influenza virus is the airway epithelium. Therefore, we consider respiratory tract epithelial cells in one of the four possible states: healthy (U H ), partially infected (U E ), infected (U I ) and resistant to infection (U R ). The number of uninfected cells increases with a specific constant cell growth rate S H . Natural death rate of healthy, infected, and viral resistant epithelium cells are represented by δ H , δ I and δ R respectively. Virus particles (V ) interact with healthy cells and infect them with a rate k I . The period between successful infection and production of virus, approximately 4-6 hours, is often called and modelled as "eclipse phase" [Möhler et al., 2005] , which is considered by the term k E . Once the cells are productively infected, they can release thousands of copies a day, that is expressed by the parameter ρ v . The clearance of the virus is included by
In the first line of defence, APC and infected cells stimulate the innate immunity by secreting interferon IFN-I. Note that we consider APCs and epithelium cells as one compartment. Therefore, this compartment of cells will produce IFN-I with a ratio a I . These IFN-I molecules may convert cells to an infection resistant state with a rate k R . IFN is lost through degradation according to the rate δ IF N . In the second line of protection, infected cells and APCs stimulate the cellular innate immunity which consists of natural killers (K) that destroy infected cells, this is modelled using the bilinear terms q K U E K and q K U I K.
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The number of NKs increases with a constant cell growth rate S K and die with rate δ K . Just after a few hours of inflammatory stimulation, large numbers of natural killers are recruited from the blood to the lung and become activated to secrete cytokines, particularly IFN-γ [Gregoire et al., 2007] . Recruitment of natural killers from the blood (K B ) to the lung (K L ) may be represented by the term Φ K K B U I . For simplicity we assume that the number of natural killers in blood and other compartments is large enough that the depletion of NKs, is negligible, represented by Φ K U I .
SIMULATION RESULTS
Model implementation outlined in last section is conducted using MATLAB. The set of parameters in this model is as follows;
Parameter values were based on other works as is presented in Table 1 and others were adjusted with experimental data from [Quinlivan et al., 2007] . For initial conditions there are approximately 5×10 8 epithelial cells in the upper respiratory tract [Baccam et al., 2006] . Infected cells and IFN molecules are initialize as zero, and initial viral concentration as 10 −3 copies/ml. Based on experimental observations in [Gregoire et al., 2007] , we use 8×10 5 natural killer cells for simulations. Notice that the proposed model is for the innate immune system, therefore simulation results correspond with experimental data up to 6 days after infection [Quinlivan et al., 2007] . That means the innate immune system is the responsible for the protection against the virus until the adaptive system is ready to clear the infection and causes the final drop in the viral which is not observed in simulations, see Fig. 2 .
Epithelium cells experience a fast depletion in the upper respiratory tract just a few hours after infection. Consequently cell infection cycles quickly result in an exponential growth of viral titer which which peaks around 2-3 dpi as is illustrated in Fig.2 . Clinical influenza symptoms typically result from the damage of about 10% of epithelial cells. For this simulation scenario, the maximum peak of infected cells is approximately 8% and take place around 1-2 days dpi.
While the infection process is invading the upper respiratory tract, the innate immune system coordinates a fast and effective protection using IFNs. Simulation results there is a running process of infection and protection, even the infection process starts first, the protection of cells by IFN-I might be much faster than the infection process. Consequently, this will block the exponential growth of viral load reported in the 1-2 dpi. This brings to the attention the importance of communication processes between infected cells and their neighbours in order to coordinate an effective protection response. Notice that IFN-I is produced by infected cells and other hosts as macrophages monocytes and dendritic cells [Baccam et al., 2006] , nevertheless for simplicity, all these cells are expressed in a single compartment.
At the same time that IFN-I molecules are protecting cells, a second response is organized by natural killers. One of the main responsibilities of these cells is the production of cytokines and the rapid elimination of infected cells [Jost et al., 2011] . Natural killers compose 10% of resident lymphocytes in the lung [Stein-streilein et al., 1983] . The order for natural killers frequency is lung > liver > peripheral blood > spleen > bone marrow > lymph node > thymus, where natural killers are almost undetectable [Gregoire et al., 2007] . Dynamic results in Fig.3 exhibit an increment in numbers of natural killers in lungs, around 2%. This corresponds to experimental observations of [Gazit et al., 2006] , which tracked natural killers in several organs during influenza infection, and noted a slight reduction in percentage of NK in the blood 2 dpi. Therefore, at the peak of the infection 2 dpi, the migration and action of natural killers might be important to clear infected cells and cause the first and the most predominant viral depletion during the infection.
DYNAMIC STUDY
In this section we study the steady-state for the proposed system (1), the respective equilibria may be obtained as follows;
U I is the solution of the polynomial:
where the new variable sets {a 1 , ..., a 7 } and {α 1 , ..., α 4 } are functions of θ. Equation (2) has four solutions, therefore four equilibria may be obtained for the system (1); one of them is the uninfected equilibrium which is easy to obtain whenŪ I = 0. The other three equilibrium points can not be obtained analytically, then using parameter values of Table 1 we obtain numerically the equilibria with biological meaning as presented in Table 2 . For the meaningful infected equilibrium, we observe how the innate immune system is able to reduce and to keep low viral levels. In order to understand the key processes in the innate immune system and to quantify the effect in the viral load for the infected equilibrium, we perform variations around nominal values for those parameters directly involved in the innate response, these are k R , φ, q k and a I . Fig. 4 reveals that innate immune parameters related to IFN are robust to variations. On one hand we notice that IFN-I may minimize the viral load when the IFN-I production (a I ) and conversion to infection resistant state (k R ) are increased. On the other hand a failure in this response can produce an increment in viral load accompanied by more cell infections.
Notice that in case of a complete failure of IFN-I response, there is not a very marked explosion in the viral load. This is consistent with experimental observations that influenza viruses have evolved and can circumvent the IFN response but there are other mechanisms to control the infection [Price et al., 2000] . Moreover, the resistant viral state is maintained for approximately 8 -10 days, then cells could Table 1 Natural killers are considered to be responsible in the rapid elimination of viral infected cells [Jost et al., 2011] . We notice in Fig.4 that the clearance rate of natural killers on infected epithelium is important to tackle the infection. An appropriate response of NKs may clear the infection on the contrary an inadequate response would promote an uncontrolled explosion in the viral load. This could be relevant in the elderly, in accordance with the studies of [Beauchemin and Handel, 2011] , they show that aged mice have NK dysfunctions and elevated lung virus titers during the 4 dpi.
In silico studies for the proposed model (1) reveal that the migration of natural killers to the lung (φ) might not be as important as the effectiveness of NKs to eradicate infected cells. However, this migration could be important for the production of cytokines to produce an adequate adaptive response. Experimental data [Beauchemin and Handel, 2011] and simulation results suggest that NKs are very important to promote an early and effective response to influenza infection; this is more crucial in the elderly when vaccines are not available or effective.
Reproductive Number
The most important concerns about any infectious disease is its ability to invade a population. For this reason we analyse for the proposed model the reproductive number (R o ) [Diekmann et al., 1990] , which is roughly defined as the expected number of secondary individuals produced by an individual in its lifetime. On one hand, if R o is less than one, each infected individual produces on average less than one infected individual, and therefore the infection will be cleared from the population. On the other hand, if R o is greater than one, the pathogen is able to invade the susceptible population [Diekmann et al., 1990] . , 2006] , where authors calculated R o for different patients; the mean was 11.1, with a 95% CI of 6.6 to 18.5. Thus, experimental influenza virus infection is predicted to spread rapidly through the cells in the upper respiratory tract. However, authors do not consider the influence of the immune response. To show the effect of the innate response on the influenza infection, we compute the reproductive number for the system (1) as follows:
The reproductive number is obtained from the the infected steady state and is presented as a function of[IF N ] andK. We can observe in Fig.5 how R o is not affected by the innate immune response during the first hours of infection, then the virus would be able to spread through epithelium cells. During the second day of infection, the innate response brings the expanse of the infection down and keeps R o ≈ 2, that is when dynamics are close to the infected steady state. This means that the innate response is very important to stop the accelerated infection process, however it would not be enough to clear completely the infection.
CONCLUSIONS
A mathematical model is proposed for the interaction of the innate immune system and influenza virus. The model reasonably describes experimental data for viral load and IFN-I concentration during the first 6 days of infection.
In silico results reveal the importance of IFN-I to convert cells to a viral resistant state and interrupt the infection to other cells. Nevertheless, natural killers appears to be more important to promote the clearance of infected cells provoking the first sharp drop in viral load concentration. The reproductive number exhibits the role of the innate immune response to control the infection, although not enough to clear the infection. One could speculate that these mechanisms become more critical in the elderly when a clear immune dysfunction is presented. 
